Lamellar ichthyosis (LI) is an inherited autosomal recessive disorder of cornification. It was recently demonstrated to result from deleterious mutations in the transglutaminase 1 (TGM1) gene. However, the disease was shown to be genetically heterogeneous, since some families were found to be unlinked to TGM1. Homozygosity mapping on three consanguinous families originating from Morocco shows (i) absence of linkage with TGM1 and other regions of the genome containing genes involved in cornification, and (ii) location of a second disease-causing gene on chromosome 2q33-35. A maximum two-point lodscore of 7.60 was obtained with D2S157 for θ = 0. The analysis of recombination events places the gene within a 7-8 cM interval. Additional consanguinous pedigrees were also demonstrated to be unlinked both to TGM1 and to 2q33-35, suggesting the existence of at least a third disease-causing gene.
INTRODUCTION
The term ichthyosis designates a group of skin diseases characterized by a significant and incapacitating scaling of the skin. Most forms are congenital and display different modes of inheritance (1) . Among them, lamellar ichthyosis (LI; MIM number 242100) is transmitted with an autosomal recessive pattern and occurs in 1 in 200 000-300 000 individuals. The diagnosis depends on a characteristic appearance of the skin which is covered by large scales encompassing all the body surface. No extracutaneous symptoms are observed. Although ichthyosis is constant, some patients present variable additional cutaneous signs. Most of them present a 'collodion-baby' syndrome at birth: the newborn is embedded in a hyperkeratotic skin, a life-threatening condition sometimes responsible for major dehydration or systemic infections. Spontaneous shedding of the membrane leaves residual ichthyosis and may lead to grave sequelae, such as joint contractures, ectropion and secondary corneal involvement. During adulthood, scarring alopecia, palmoplantar keratoderma and associated erythroderma are sometimes observed, and are therefore features of phenotypic variability (1) (2) (3) .
Positive linkage of LI to chromosome 14q and to the transglutaminase 1 gene (TGM1) (4) was demonstrated. Deleterious mutations in TGM1 were identified (5-7) and it was unambiguously reported as an LI-causing gene. TGM1 is expressed exclusively in the keratinocyte and codes for an enzyme which catalyses cross-linking between different proteins, mostly involucrin, loricrin and small proline-rich proteins (SPRR) (8) . The resulting macromolecular complex is linearly deposited on the inner side of the plasma membrane and is known as the cornified envelope (CE). The precise effects of each TGM1 mutation on the protein structure and enzymatic activity are unknown to date. However, absence of linkage between LI and TGM1 in 13 families from a cohort of 23 clearly demonstrated the existence of one or more other disease-causing gene(s) (7) . Mutations in TGM1 were also recently excluded in two patients presenting with LI (9) . Considering the key role of TGM1 in the formation of the CE, other genes involved in cornification could be suspected. These are especially other transglutaminases expressed in the epidermis (transglutaminases 2 and 3, which map to chromosome 20q11.2-q12) and the precursor proteins of the CE (involucrin, loricrin and SPRR, which are clustered on chromosome 1q21) (8, 10, 11) .
We present a linkage study on three unrelated LI consanguinous families from Morocco. All were selected on the basis of their common physical appearance and geographical origin, and all were first demonstrated to be unlinked to TGM1. We failed to reveal any significant linkage to candidate regions on chromosomes 1 and 20, but demonstrated strong linkage to markers mapped to chromosome 2q33-35. However, a genetic study of additional consanguinous families excluded linkage either to TGM1 or to 2q33-35. Casablanca). Eight members were found to be affected by pure LI. Diagnosis was not ambiguous and all patients fulfil the diagnostic criteria for LI: collodion baby phenotype at birth, generalized ichthyosis with involvement of the large folds, palmoplantar keratoderma and absence of skin erythema. None of the patients had associated extracutaneous disorders, such as spastic paraplegia, polyneuritis, cerebellar ataxia or hepatosplenomegaly, which characterize Sjögren-Larsson syndrome, Refsum's disease or Dorffman-Chamarin syndrome. The phenotype was consistent within each of the three families. Mild semiologic differences in the same family were observed in the extent of the scales and the consequently mechanical ectropion. No major differences in phenotypes between the families A, B and C were noted (results are summarized in Table 1 ).
We studied an additional eight families of diverse geographical origin (France, Guadeloupe, Portugal, Tunisia and Turkey). All presented with an autosomal recessive generalized ichthyosis, and all except one had a typical history of collodion baby at birth. Nevertheless, phenotypic variability was observed: gravity of the ichthyosis, intensity of palmoplantar keratoderma and existence of an underlying erythroderma were not similar in all the families. They were therefore considered as a heterogeneous subgroup. 
Linkage analysis
As a first step, we focused our linkage study on the TGM1 locus, the loricrin-involucrin-SPRR locus on chromosome 1 and the TGM2 and TGM3 loci on chromosome 20q (see Materials and Methods for details). No region of homozygosity by descent was observed and haplotype analysis showed no evidence for linkage (data not shown). Subsequently, we undertook a genome-wide search with polymorphic microsatellite markers chosen from the GENETHON panel (12) . Markers were selected on the basis of their high heterozygosity (>70%) and were on average spaced every 20 cM. A region of homozygosity was observed for all patients with markers from chromosome 2 ( Fig. 1) . Evidence of significant linkage was first observed with locus D2S143, which provides a cumulative pairwise lodscore of 6.78 at θ = 0. This positive finding was confirmed by testing neighbouring markers ( Table 2 ). The maximum two-point lodscore (7.60 at θ = 0) was observed with locus D2S157. Multipoint linkage analysis was not feasible with the number of markers included in this interval and was considered computationally too complex. We preferred to establish the smallest co-segregating region in the three families using haplotype analysis. The haplotypes were constructed assuming the most parsimonious linkage phase. The telomeric limit is defined by marker D2S137 in family A. The centromeric limit can either be defined by markers D2S325 or D2S355 in family B, as the first marker is not polymorphic in the mother III-2 (see Fig. 1 ). Assuming these data, the interval may be either 7 or 8 cM (Fig. 2) . We have mapped the gene to 2q33-35, since some markers flanking the LI locus have been mapped to this band by cytogenetic studies (13) . We failed to observe a common haplotype in the three pedigrees and to demonstrate linkage disequilibrium between one or several markers and the disease (see Materials and Methods). Finally, we extended our linkage study to eight other consanguinous LI pedigrees, previously demonstrated to be unlinked to TGM1. No significant region of homozygosity was observed with the chromosome 2 marker set (not shown). For four of them, the locus was clearly unlinked, either by including or ignoring the consanguinity loops. 
DISCUSSION
The combination of linkage data and the recombinant analysis allowed us to position a second LI gene on chromosome 2q33-35. The current interval is 7-8 cM and is flanked by D2S137 and D2S325/D2S355. We also demonstrated the existence of at least a third LI locus, as other LI families were excluded both in this region and in the TGM1 locus. In terms of a physiological role, no obvious candidate gene maps to chromosome 2q33-35 (13) . Genes coding for CRYG (responsible for hereditary cataracts) map precisely in the LI interval (13) but no association between these diseases and ichthyosis has been reported. As human 2q33-35 shows strong synteny with the mouse chromosome 1, we also searched for murine mutants mapping to this region (14) . Tight-skin 2 (Tsk2), a murine cutaneous mutation, maps to the syntenic region. The phenotype of Tsk2 is very similar to tight-skin 1 (the mouse model for human scleroderma) which does not occur together with ichthyosis. We also did not retain the ichthyosis (ic) mutation, a possible model for human ichthyosis, as its position on chromosome 1 is too far from the mouse region of synteny with human 2q33-35. We therefore consider that no murine model known to date will be useful in our search for the second LI gene.
Concerning the physiopathology of ichthyosis, searching for new functional candidate genes can be approached in two main ways. On the one hand, we could postulate that the mechanism of LI is restricted to a disorder of the formation of CE. No known gene coding for a CE component maps to chromosome 2q. Nevertheless, it is to be expected that the CE involves other protein components which have not yet been described (15) . We cannot exclude that the gene encoding one of them maps to our candidate interval. On the other hand, the disease mechanism could also involve a defect in the lipid envelope linked to the outer side of the CE (8) . This envelope is composed for the most part of ceramides, the concentrations of which have been found to be modified in cutaneous scales from patients with LI (16, 17) . These lipids are important factors in the function of the water reservoir of the stratum corneum and are also involved in cell proliferation, differentiation and programmed cell death (18) . The second LI gene could therefore be an enzyme or a co-factor involved in ceramide metabolism or in the covalent linkage of these molecules to the CE. Marker D2S153 (previously co-localized with D2S157, D2S154 and D2S322) was excluded from the study because of its ambiguous position on the GENETHON map. All genetic distances are as previously described (11) except for those between locus D2S137 and clustered loci D2S128, D2S334 and D2S143, where the recombination fraction was set to 0.01 because of a recombination event in patient IV-6 of family A. The centromeric limit can be defined either by marker D2S325 or D2S355, in patient IV-6 of family B. A possible crossing-over between these two markers would lead to a recombination fraction of 0.01 as shown on this map. The 7-8 cM interval containing the LI locus is shaded and is flanked by markers D2S137 and D2S325 or D2S355.
In the present situation, cloning of the responsible gene remains difficult due to the large size of the candidate interval. The localization of expressed sequence tags in the interval should rapidly provide new candidate genes. However, refining the localization of the LI gene will be of great help in reducing the number of candidate transcripts to study. We looked for linkage disequilibrium since this method provides a powerful tool for fine gene mapping (19) and since the common geographical origin of these families might suggest a founder effect. We failed to demonstrate any common disease-sharing haplotype and no allele displayed linkage disequilibrium with the LI gene. Nevertheless, the small number of chromosomes studied and the presence of 2 cM intervals devoid of polymorphic markers does not permit firm exclusion of linkage disequilibrium in this region. An alternate hypothesis would be the presence of different mutations in the three families. Analysing new families linked to chromosome 2 could provide observations of new recombination event(s) and would also be of great help in refining the actual LI interval. We are therefore currently collecting other pedigrees and searching for more genetic markers in this region.
The evidence for at least a third LI gene is now established. Genetic heterogeneity is not so surprising as LI is well known to present with a consistent degree of phenotypic variability (1) (2) (3) . This last point, added to the low prevalence of the disease in the general population, renders the linkage studies difficult. In this work, positive results were obtained by analysing large consanguinous families by homozygosity mapping and by restricting the focus of the study to clinically homogeneous subgroups. We are currently pursuing the same approach to localize other LI-causing gene(s).
MATERIALS AND METHODS

Pedigree assessment
Each family member was examined by one of the authors (H.L. and C.B.B.) to confirm status, and all living participants received counselling and signed informed consent forms. Blood for DNA extraction was collected from 11 family members of pedigree A, from eight family members of pedigree B and from five family members of pedigree C. DNA was extracted from whole blood using standard procedures. No blood or tissue sample could be obtained from individual III-1 of pedigree B.
Genotyping
Polymerase chain reactions (PCR) were performed as previously described (20) . Several amplification products from the same DNA sample, generated with different primer sets, were pooled and/or co-precipitated and co-migrated in a single lane of a 6% polyacrylamide gel. After transfer to HybondN+ (Amersham) membranes, hybridization was performed either with peroxidaselabelled PCR primers, or with a poly(AC) probe (20) .
TGM1 locus markers were those previously reported (7). For TGM2 and TGM3, we studied a set of microsatellite markers from the long arm of chromosome 20, spaced at 10 cM on average (assuming low likelihood of a double recombination event in this interval). As the loricrin-involucrin-SPRR cluster includes the profilaggrin gene (8), we analysed eight CEPH families with an intragenic polymorphic probe. We could therefore define the following order: D1S442-D1S498-profilaggrin-D1S305-D1S303 (total length 6 cM). No region of homozygosity was observed in the affected probands with these four microsatellite markers.
Linkage analysis
Lodscores were calculated using the LINKAGE 5.1 package assuming an autosomal recessive inheritance, complete penetrance and a disease gene frequency of 0.33×10 -5 . For the random search, each polymorphism was assumed to have six alleles of equal frequency. Calculations with linked markers used the current allele frequencies determined from analysis of eight CEPH families. Two point calculations were done using MLINK (21) . Linkage disequilibrium was tested using DISLAMB from the DISEQUILIBRIUM package (22) . Taking into account the consanguinity in the three pedigrees, we compared three diseasesharing with six disease-free chromosomes.
